Soluble N-ethylmaleimide-sensitive factor attachment receptors (SNAREs) play a crucial role in the development and virulence through mediation of membrane fusion and vesicle trafficking in pathogens. Our previous studies reported that the SNARE protein FgVam7 and its binding proteins FgVps39/41 are involved in vesicle trafficking and are important for vegetative growth, asexual/sexual development, deoxynivalenol production and virulence in the Fusarium head blight fungus Fusarium graminearum. Here, we identified and characterized another FgVam7 binding protein in F. graminearum, FgPep12, an ortholog of yeast t-SNARE Pep12 with both the SNARE and TM domains being essential for its localization and function. Deletion of FgPep12 caused defects in vegetative growth, conidiogenesis, deoxynivalenol production and virulence. Cytological observation revealed that FgPep12 localizes to the Golgi apparatus, late endosomes and vacuoles, and is necessary for transport from the vacuole to prevacuolar compartment. Further investigation revealed that both FgPep12 and FgVam7 are essential for ascospore discharge through interaction with and trafficking of the Ca 2+ ATPase FgNeo1 between the Golgi and endosomal/vacuolar system.
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Introduction
In eukaryotic cells, directional transport among the organelles of the endomembrane system is mediated by vesicles that bud from a donor organelle and then fuse with an acceptor organelle [1] . Despite the diversity of these organelles in size and shape, the basic reactions of budding and fusion are mediated by multiprotein complexes consisting of protein families that have been conserved in eukaryotic organism [2] [3] . One family of integral membrane proteins, called soluble N-ethylmaleimide-sensitive factor attachment receptor (SNARE) proteins, constitute the key machinery of these membrane fusion events [1] and have been studied extensively in budding yeast, mammals, plants, and phytopathogens [4] [5] [6] [7] [8] [9] [10] . Despite their differences in sizes and structures among organisms, SNAREs share a conserved SNARE motif of 60-70 amino acids (AAs) arranged in heptad repeats [4, 6, [11] [12] . SNAREs can be classified into vesicle (v)-SNAREs and target (t)-SNAREs based on their localization to either vesicle membranes or target membranes [13] . Over 20 SNARE proteins have been identified in various species, including humans, Drosophila melanogaster, Arabidopsis thaliana, Aspergillus oryzae, and Saccharomyces cerevisiae [7] [8] [14] [15] [16] . Similar to A. oryzae, 21 putative SNARE proteins have been identified in Fusarium graminearum [10] . In contrast, only a small number of SNARE proteins have been characterized in phytopathogens, including MoSec22, MoVam7, MoSyn8 and MoTlg2 in the rice blast fungus Magnaporthe oryzae [4, 6, 9, 17] , UmYup1 in the corn smut fungus Ustilago maydis and FgVam7 in F. graminearum play critical roles in development, virulence and sexual reproduction by mediating vesicle trafficking [10, [18] [19] . Additionally, t-SNARE MoSso1 is involved in virulence and is necessary for normal biotrophic interfacial complex development, as well as for secretion of cytoplasmic effectors during M. oryzae infection [20] .
In some fungi of the phylum Ascomycota, ascospores formed within perithecia are forcibly discharged into the air, where they are believed to serve as the primary inoculum of the disease [21] [22] [23] [24] . Sexual development and ascospore discharge are important factors in propagule dispersal, survival, and disease spreading in ascomycetes. Forcible discharge of ascospores from asci is a common mechanism observed in many fungi, including F. graminearum (teleomorph: Gibberella zeae), one of the casual agents of Fusarium head blight (FHB) or head scab, which is a destructive disease of wheat and barley [5, [25] [26] . In F. graminearum and other fungal pathogens, ascospores are the primary inoculum, making sexual reproduction a critical step in the disease cycle. In addition to yield losses caused by FHB, mycotoxins such as deoxynivalenol (DON) and zearalenone (ZEA) produced by F. graminearum in contaminated grains pose a serious threat to human and animal health [27] .
Sexual reproduction in F. graminearum starts with the formation of small, coiled initials that eventually develop into perithecia filled with asci and ascospores that are the products of meiosis. Mature asci extend through the ostiole of the perithecia and discharge their ascospores [24, 28] . The main force driving discharge of ascospores is turgor pressure generated by ions and polyols in the asci [29] . In F. graminearum, potassium ion channel and Ltype calcium channel blockers have been reported to inhibit ascospore discharge [22] . The accumulation of potassium and chloride ions generate the turgor pressure necessary for discharge [29] . Strains with defects in turgor pressure in the asci exhibited lower ion concentrations and failed to discharge ascospores [30] . Moreover, deletion of the calcium ion channel proteins Cch1 and Mid1 significantly reduced forcible ascospore discharge [30] [31] . Meanwhile, deletion of Fig 1, a transmembrane protein in the low-affinity calcium uptake system, leads to failure of production of mature perithecia [32] . These reports demonstrate that ion channels, especially calcium ion channels, play crucial roles in ascospore discharge in F. graminearum.
Although previous studies have shed light on the physiological and genetic bases of ascospore discharge, the underlying mechanisms remain largely unknown, particularly how SNARE proteins modulate this process in F. graminearum. Here, we identified and characterized the t-SNARE FgPep12, and found that FgPep12 is important in development, DON production and virulence in F. graminearum. We further provide evidence that FgPep12 in association with another SNARE protein, FgVam7, is necessary for ascospore discharge based on trafficking of Ca 2+ ATPase FgNeo1 between the Golgi apparatus and endosomal/vacuolar system.
Results

Identification and deletion of FgPep12 in F. graminearum
Our previous studies have shown that SNARE protein FgVam7 and its several binding proteins are involved in vesicle trafficking and play important roles in the development and virulence of F. graminearum [10] . 
FgPep12 is important for vegetative growth, conidiogenesis, pathogenesis and DON production
We first examined vegetative growth of the ΔFgpep12 mutant on CM and V8 juice agar plates. After 3 days of incubation in the dark at 25˚C, the ΔFgpep12 mutant exhibited a smaller colony size and altered pigmentation compared to the wild-type PH-1 and the complemented strain ΔFgpep12/FgPEP12. The colony diameter was reduced by 48.6% and 35.2% on CM and V8 plates, respectively (Fig 2A ; Table 1 ). The ΔFgpep12 mutant produced very few conidia. Compared to the wild-type PH-1, conidiation was reduced over 90% (Table 1) . Moreover, conidia produced by the ΔFgpep12 mutant were shorter in length and had fewer septa than those of and FgVam7. The prey and bait constructs were assayed for growth on SD-Leu-Trp and SD-Leu-Trp-His plates. +, positive control; -, negative control. (B) Co-immunoprecipitation assays for the interaction between FgPep12 and FgVam7. Total proteins were isolated from transformants co-expressing GFP-FgPep12 and FgVam7-3×FLAG constructs, and proteins eluted from the anti-FLAG M2 beads (elution). Immunoblots were incubated with monoclonal anti-FLAG and anti-GFP antibody, respectively. described previously [10] . Two weeks after inoculation, the ΔFgpep12 mutant only caused necrotic symptoms in the inoculated and nearby spikelets, compared to infection of the entire wheat heads by the wild-type PH-1 and complemented strain (Fig 2C) . To confirm this observation, flowering wheat heads were inoculated with the wild-type PH-1 and ΔFgpep12 mutant expressing the FgACTIN-RFP construct. The red fluorescent protein (RFP) signal was observed near the inoculation site of the mutant, whereas it spread from the inoculation site to the entire wheat head in samples inoculated with PH-1 ( Fig 2D) . DON is known to act as a virulence factor in F. graminearum [33] [34] [35] . Therefore, we measured DON production of PH-1 and the ΔFgpep12 mutant as described previously [36] , and found that DON production was significantly reduced in the mutant, with only 10% of the wild-type level (Fig 2E) . The expression levels of two trichothecene biosynthesis genes, TRI5 and TRI6 [37] , were notably reduced in the ΔFgpep12 mutant compared to PH-1 and complemented strain ( Fig  2F) . These findings suggest that FgPep12 is important for virulence and DON production in F. graminearum.
FgPep12 localizes to Golgi apparatus, late endosomes and vacuoles
To determine the function of FgPep12, we fused a green fluorescent protein (GFP) tag to the N-terminus of FgPep12 and examined its cellular localization. The GFP-FgPep12 signals were visible in punctate structures throughout the cell (Fig 3A) . In yeast, Pep12 was known to act as a vesicular intermediate, traveling between Golgi apparatus and the vacuole [3] . Therefore, we co-expressed GFP-FgPep12 with the Golgi marker protein FgSft2, which is a homolog of yeast Sft2 [38] , the late endosome marker protein FgRab7 [39] , and the vacuole localization protein FgVam7 fused to RFP [10] in F. graminearum. In the resulting transformants, the GFP-FgPep12 signal overlapped well with RFP-FgSft2, RFP-FgRab7 and FgVam7-RFP in conidia and germ tubes (Fig 3B) . These co-localization patterns were further evaluated through linescan graph analysis. e The number of perithecia of the indicated strains on carrot agar and then induced by 2.5% Tween-60 at 18˚C.
The SNARE and TM domains of FgPep12 are required for its cellular localization and biological function
To explore the role of the SNARE and TM domains of FgPep12, the domain deletion constructs ΔSNARE and ΔTM were generated ( Fig 4A) and transformed into the ΔFgpep12 mutant. The resulting transformants GFP-ΔSNARE and GFP-ΔTM were obtained and phenotypically analyzed. Compared to GFP-FgPep12, the localization patterns of both GFP- SNARE mediated ascospore discharge in F. graminearum ΔSNARE and GFP-ΔTM were altered. GFP-ΔSNARE mainly localized to the cytoplasm outside of vacuoles, and GFP-ΔTM mainly to pre-vacuole structures near mature vacuoles ( Fig  4B) . When assayed for growth, conidiation and virulence, both GFP-ΔSNARE and GFP-ΔTM transformants had similar phenotypes to those of the ΔFgpep12 mutant (Fig 4C and 4D ; Table 1 ). These findings suggested that the SNARE and TM domains are required for proper localization and normal function of FgPep12 in F. graminearum.
FgPep12 is required for vacuole to prevacuolar compartment (PVC) transport
Pep12 has been reported to play a role in retrograde transport out of the vacuole based on the unique properties of RS-ALP and (F/A)RS-ALP in yeast [40] [41] . RS-ALP contains the Golgi retrieval motif (FXFXD) fused to the cytosolic domain of ALP, which can be retrograde-transported to the Golgi via the PVC [40] . Meanwhile, both phenylalanine residues in the FXFXD Wheat germs were dropinoculated with conidial suspensions of the indicated strains. Lesion length (LL) was measured at 10 dpi and photographed. Relative fungal growth (RFG) was analyzed by quantification of F. graminearum 28s rDNA relative to wheat genomic TaACTIN DNA. ±SD was calculated from three independent experiments, and asterisks indicate statistically significant differences (p<0.01).
https://doi.org/10.1371/journal.ppat.1007754.g004
retrieval motif of (F/A)RS-ALP were mutated to alanine, and thus would be trapped on the vacuolar membrane [42] . To investigate whether FgPep12 plays a similar role in F. graminearum, we generated yeast Alp-GFP, RS-Alp-GFP and (F/A)RS-Alp-GFP constructs and transformed them into the PH-1 and ΔFgpep12 mutants. The resulting transformants with green fluorescence were screened and selected for localization observation. Both Alp-GFP and (F/A)RS-Alp-GFP localized to vacuoles in the wild-type PH-1, while RS-Alp-GFP localized to Golgi organelles as in yeast (Fig 5) . Similar to the results for the wild type, Alp-GFP and (F/A) RS-Alp-GFP localized to vacuoles in the ΔFgpep12 mutant, but RS-Alp-GFP was accumulated and localized in vacuoles in the mutant (Fig 5) , indicating that FgPep12 plays a role in retrograde transport of RS-Alp-GFP from the vacuole to Golgi. To determine whether this transport occurs via the PVC pathway, we further obtained transformants expressing Alp-GFP, RS-Alp-GFP and (F/A)RS-Alp-GFP constructs in the ΔFgvps41 mutant. FgVps41 is a vacuolar sorting protein that mediates membrane fusion and PVC-to-vacuole trafficking in F. graminearum [43] . Microscopic observation revealed that GFP signals of Alp-GFP, RS-Alp-GFP and (F/A)RS-Alp-GFP accumulated and localized to vacuoles in the ΔFgvps41 mutant (Fig 5) . The results suggest that FgPep12 is indispensable for retrograde transport of RS-Alp from the vacuole to the PVC.
FgPep12 and FgVam7 are required for ascospore discharge in F. graminearum
The perithecia and ascospores of F. graminearum play a critical role in its disease cycle [44] . Therefore, we assessed sexual reproduction of the ΔFgpep12 and ΔFgvam7 mutants on carrot agar plates. Ten days after inoculation, the ΔFgpep12 mutant produced a large number of mature perithecia and asci, similar to the wild-type PH-1 (Fig 6A) , while the ΔFgvam7 mutant produced fewer perithecia, consistent with the results of our previous study [10] . When assayed for ascospore release, no ascospores were discharged from the perithecia of the ΔFgvam7 and ΔFgpep12 mutants, in contrast to the numerous ascospores discharged from the wild-type PH-1 ( Fig 6A) . These results suggested that FgVam7 and FgPep12 play indispensable roles in ascospore discharge in F. graminearum. Because the turgor pressure generated by different ions and polyols in the asci is responsible for ascospore discharge in F. graminearum [22, 24, [30] [31] [32] , we speculate that the defect of ascospore discharge in the ΔFgvam7 and ΔFgpep12 mutants is likely related to defects in turgor pressure generation. Therefore, we measured the concentrations of various ions and polyols in the asci of the ΔFgvam7 and ΔFgpep12 mutants. Compared to the wild-type PH-1 and complemented strains, the concentrations of ions (K + , Cl -, Ca 2+ and Na + ) and polyols (glycerol, arabitol, mannitol and glucose) were significantly lower in both mutants (Fig 6B and 6C) , suggesting that the ΔFgvam7 and ΔFgpep12 mutants possessed low turgor pressure in the asci and therefore failed to discharge ascospores.
Ion channel impairment results in arrest of ascospore discharge in F. graminearum
Ion channels are involved in ion buildup, which drives the influx of water and causes turgor pressure, which stretches the asci [29] . To reveal the underlying role of ion channels in ascospore discharge in F. graminearum, perithecia of the wild-type PH-1 were treated with ion channel inhibitors and their ascospore discharge was evaluated. We found that blocking K + , Ca 2+ and Cl -channels with inhibitors (K + : CsCl or glyburide; Ca 2+ : TMB8; Cl -: DIDS or 9-AC) significantly reduced ascospore discharge by F. graminearum. The reduction rate was 40-60% when K + or Cl -channels were blocked, and over 99% when Ca 2+ channels were blocked ( Table 2 ), suggesting that ion channels indeed play an important role in ascospore discharge by F. graminearum. We further analyzed ascospore discharge in the ΔFgvam7 and ΔFgpep12 mutants through treatment with exogenous ions. The ascospore discharge defect of the ΔFgvam7 and ΔFgpep12 mutants was greatly rescued by treatment with K + , Na + , Cl -and Ca 2+ . The number of discharged ascospores increased to over 31% in ΔFgvam7 and over 45% in ΔFgpep12, as compared to the wild-type PH-1 (Table 3) . Together, these results suggest that ion channel impairment results in arrest of ascospore discharge in F. graminearum. ATPase FgNeo1 (FGSG_05149), but not with the other seven proteins assessed in the Y2H assays ( Fig 7A) . The interactions among FgVam7, FgPep12 and FgNeo1 were confirmed by co-IP and bimolecular fluorescence complementation (BiFC) assays (Fig 7B and 7C) . Combined with the interaction observed between FgVam7 and FgPep12, we propose that FgNeo1, FgPep12 and FgVam7 interact with each other to form a complex in F. graminearum. In the FgPep12&FgNeo1 and FgVam7&FgNeo1 BiFC transformants, YFP signals were observed in punctate structures (Fig 7C) . To identify these structures, we expressed RFP-FgSft2 and RFP-FgRab7 in the two BiFC transformants and obtained RFP transformants. Fluorescence observation revealed that interactions between FgPep12 and FgNeo1 mainly occurred in the Golgi apparatus (43.6%) and late endosomes (52.4%) (Fig 7D) . Interactions between FgVam7 and FgNeo1 mainly occurred in late endosomes (72.5%) but also sometimes occurred in the Golgi apparatus (17.3%) (Fig 7E) . Similar results were also observed in ascospores in these two BiFC transformants (S3A and S3B Fig) . In addition, we found FgPep12&FgNeo1 and FgVam7&FgNeo1 displayed dynamic mobility and also merged with Golgi apparatus and late endosomes in hyphae (S1-S4 Videos ATPase) that is essential in yeast [46] . Therefore, we adopted the conditional promoter replacement (CPR) approach for Each number indicates the ascospores discharged from 35 perithecia. ±SD was calculated from three independent experiments, and asterisks indicate statistically significant differences (p<0.01).
https://doi.org/10.1371/journal.ppat.1007754.t003
SNARE mediated ascospore discharge in F. graminearum inducing (NaNO 3 : NO 3 -) or silencing (Glutamate: Glu) FgNEO1 under the control of pFgNIA1 [47] to characterize its function. Three CPR transformants (pFgNIA1-FgNEO1) were identified by PCR screening (S4A and S4B Fig) and verified by qRT-PCR analysis (Fig 8A) . Compared to NO 3 -treatment, the relative reduction (RR; %) in colony diameter and the numbers of conidia and perithecia were significant lower in pFgNIA1-FgNEO1 transformant than in PH-1 under Glu treatment (Fig 8B and 8D) . Meanwhile, formation of asci and ascospores showed no obvious differences between PH-1 and pFgNIA1-FgNEO1 transformant under NO 3 -or Glu treatment (Fig 8E) . On the other hand, pFgNIA1-FgNEO1 transformant almost completely lost its virulence to wheat germs and wheat heads under Glu treatment (Fig 8F) . These results suggest that FgNeo1 played important roles in the development and virulence of F. graminearum, similar to FgPep12 and FgVam7.
FgNeo1 is essential for ascospore discharge in an ion-dependent manner in F. graminearum
Although ascus and ascospore formation were not affected by Glu treatment in pFgNIA1-Fg-NEO1 transformant, we further investigated whether FgNeo1 plays a role in ascospore discharge. The discharge assay was performed using perithecia from the PH-1 and pFgNIA1-FgNEO1 strains, treated with NO 3 -and Glu, respectively. No ascospores were -or Glu, were drop-inoculated onto wheat germs (WG) or injected into the flowering wheat heads (WH). Photographs were taken at 10 dpi and 14 dpi, respectively. Error bars represent the SD and asterisks indicate statistically significant differences (p<0.01).
https://doi.org/10.1371/journal.ppat.1007754.g008 discharged from pFgNIA1-FgNEO1 transformant treated with Glu. In contrast, numerous ascospores were visible from PH-1 treated with NO 3 -and Glu, or from pFgNIA1-FgNEO1 treated with NO 3 - (Fig 9A) 
FgNeo1 exhibits a late endosome/Golgi localization pattern modulated by FgPep12
To investigate how FgNeo1 functions in F. graminearum, we obtained the GFP-FgNeo1 fluorescence strain and examined its localization pattern in the hyphae. Green fluorescence signals were mainly observed in punctate structures throughout the cell (Fig 10A) . In yeast, Neo1 reportedly localizes to the endosomes and Golgi apparatus [48] . Therefore, we co-expressed GFP-FgNeo1 with the Golgi marker protein FgSft2 and the early and late endosome marker proteins FgRab51 and FgRab7 fused to the RFP protein in F. graminearum. Fluorescence observation revealed that most GFP-FgNeo1 signals overlapped well with RFP-FgSft2 and RFP-FgRab7, but few were co-located with RFP-FgRab51. The percentage of punctate structures exhibiting GFP-FgNeo1 co-localization with RFP-FgSft2 was 40.3%, compared to 56.2% with RFP-FgRab7 and 8.4% with RFP-FgRab51 (Fig 10A) , suggesting that GFP-FgNeo1 is mainly localized to the Golgi apparatus and late endosomes in F. graminearum. We also examined the localization pattern of GFP-FgNeo1 in the ΔFgvam7 and ΔFgpep12 mutants. Interestingly, GFP-FgNeo1 was mislocalized to the cytosol in the ΔFgpep12 mutant, but its localization pattern was not altered notably in the ΔFgvam7 mutant (Fig 10B) . These findings indicate that FgNeo1 functions within the endomembrane/Golgi system and is closely related to FgPep12.
Deletion of FgPep12 affects the trafficking of FgVam7&FgNeo1
To further clarify the biological significance of interactions among FgPep12, FgVam7 and FgNeo1, we obtained transformants expressing (Fig 11A and 11B) , suggesting that deletion of either FgPep12 or FgVam7 does not change the interaction between the other protein and FgNeo1. However, the YFP signal distribution was markedly different in the ΔFgpep12 mutant, with a uniform distribution in the cytosol (tip hyphae) or cytosol aside from vacuoles (basal hyphae), in comparison to localization in punctate structures in the wild type and ΔFgvam7 mutant (Fig 11A and 11B) . Similar results were also observed in ascospores in these two mutants (S5A and S5B Fig) . Therefore, deletion of FgPep12 affects the normal transport of FgVam7 and FgNeo1 in F. graminearum. 
Discussion
In ascomycetous fungi, the most unique cell type in the life cycle is the ascus. Asci elongate in response to increased turgor pressure and eventually rupture at the tip to fire spores into the air [49] . Under optimal conditions, the asci of F. graminearum fire individually in succession approximately 45 s apart [29] , indicating that some regulatory mechanism must coordinate ascospore discharge. Previous studies have reported that ion channel proteins are closely related to this biological process. Several mutants of ion channel proteins exhibited defects in ascus turgor pressure and failed to discharge ascospores [24, [30] [31] [32] . In this study, we identified and characterized the SNARE protein FgPep12, which mediates vacuole-to-PVC transport and is important for the development and virulence of F. graminearum. Moreover, we unraveled the regulatory mechanisms by which the SNARE proteins FgPep12 and FgVam7 manipulate ascospore discharge in this important plant pathogenic fungus, based on genetic evidence and cytological examination. FgPep12 associated with FgVam7, modulates the trafficking of the Ca 2+ ATPase FgNeo1 between the Golgi and endosomal/vacuolar system, thereby controlling the vegetative growth, asexual development, ascospore discharge and plant infection processes in F. graminearum (Fig 12) . SNARE proteins are known to mediate membrane fusion events between transport vesicles and their target membranes in eukaryotic organisms [50] [51] . In several plant pathogens, SNARE and associated proteins have been reported to play crucial roles in development and virulence through their involvement in vesicle trafficking pathways. For example, the SNARE protein FgVam7 mediates endocytosis and vacuole membrane fusion, and is important for fungal development and infection [10] . FgVps41, a vacuolar sorting protein associated with FgVam7, mediates membrane fusion and PVC-to-vacuole trafficking. It is also involved in morphogenesis during infectious development [43] . These reports suggested that vesicle trafficking pathways and their components are indispensable for the normal development and virulence of F. graminearum. The findings of the present study regarding FgPep12 support this conclusion.
Membrane fusion along the secretory pathway requires the specific interaction of SNAREs that are localized to vesicles and target organelles [51] . In SNAREs, the SNARE domain acts as a protein-protein interaction module and is required for SNARE complex formation [52] ; the TM domain is anchored to membranes by most SNAREs and has a direct role in fusion [53] [54] , indicating SNARE and TM domains are important for SNARE functions and for complete fusion. In agree with this, deletion either SNARE or TM in FgPep12 altered its localization pattern and functions. In GFP-ΔSNARE, because of no SNARE domain, FgPep12 probably was unable to interact with other partners that localized to vesicles and target organelles, vacuole fusion might be blocked at an early stage, thus the GFP-ΔSNARE protein failed to accumulate in the vacuoles. In GFP-ΔTM, GFP signals mainly observed in pre-vacuole structures but not mature vacuoles. It seems the formation of SNARE complex was not obviously influenced in GFP-ΔTM, but vacuole fusion was blocked at a late stage because of no TM domain. These findings were also similar to that reported in yeast, in which TM domain performed important roles in the prevacuolar and vacuolar SNARE complexes [55] . In addition, alteration of the TM domain of the SNARE protein Vam3 in yeast affects the composition of the SNARE complex to promote vacuole fusion [54] . TM domain of the SNARE protein Syb2 in neurosecretory cells was reported to play a role in determining early fusion pore structure as well as fusion pore expansion [56] . We speculate that the TM domain of FgPep12 might also have similar functions, but the underlying fusion mechanism needs to be further investigated.
The PVC is a dynamic organelle that receives proteins from a variety of sources, including the biosynthetic and endocytic pathways, as well as the retrograde pathway from vacuoles [40, 57] . Pep12 is involved in all reported membrane fusion events of the PVC in S. cerevisiae [41] .
In this study, we demonstrated that FgPep12 is required for retrograde transport from the vacuole to PVC, and this retrograde transport requires the activity of FgVps41 in F. graminearum. These results indicate that Pep12 mediates a conserved mechanism in different fungi. The intracellular trafficking systems and related organelles are known to play key roles in the development and pathogenicity of filamentous fungi [5, 39, 58] . For example, retrograde trafficking from the endosome to the trans-Golgi network mediated by the retromer is necessary for development and virulence in F. graminearum [39] ; late endosomal compartments function as important anchors, integrating trafficking and signal transduction of G-proteins and cAMP synthesis during pathogenesis in M. oryzae [59] ; long-distance retrograde motility of early endosomes is essential for U. maydis effector production and subsequent secretion during plant infection [60] . Combining these reports with our findings, we conclude that FgPep12 is involved in trafficking between the Golgi and endosomal/vacuolar system in F. graminearum, and may be responsible for protein recycling to maintain fungal development and pathogenesis.
In eukaryotic cells, the calcium ion (Ca
2+
) functions as a ubiquitous intracellular messenger regulating a myriad of biological processes, and the calcium homeostasis system includes tightly regulated metabolic pathways used by cells to maintain Ca 2+ concentration within the optimal range in the cytosol and other organelles [61] [62] [63] [64] . Extracellular Ca 2+ normally enters the cytosol of cells through various transporters, such as ion channel proteins [65] . In our study, we found that the ascospore discharge defect of ΔFgpep12 and is also important for fungal development and ascospore discharge in an ion-dependent manner. Further characterization revealed that FgNeo1 is involved in protein trafficking between the Golgi and endosomal/vacuolar system, which is consistent with findings in yeast [48] . In addition, the localization pattern of FgNeo1 was affected in the ΔFgpep12 mutant but not the ΔFgvam7 mutant. The reason for this difference might be that FgPep12 showed a similar localization pattern to FgNeo1, and FgPep12 is likely one of most important transporters of FgNeo1 during its trafficking. This possibility was also supported by our BiFC data. FgPep12 and FgNeo1 co-localized in both the Golgi apparatus and late endosomes, while FgVam7 and FgNeo1 mainly co-occurred in late endosomes. In addition, we found that deletion of FgVam7 had no effect on the interaction and localization of FgPep12&FgNeo1, whereas deletion of FgPep12 affected the localization of FgVam7&FgNeo1. These findings indicate that FgPep12 probably plays a major role in the FgPep12-Neo1-Vam7 complex during its trafficking between the Golgi and endosomal/vacuolar system. Mutation of FgPep12 likely blocks the transportation of FgNeo1, thereby disrupting intracellular calcium homeostasis and subsequently affecting the development, plant infection and ascospore discharge processes of F. graminearum. In regard to FgVam7, PVC-to-vacuole trafficking is constitutively blocked in the ΔFgvam7 mutant, as it was defective in vacuole membrane fusion [10] . Thus, cytosolic Ca
could not be transported into large vacuoles, leading to a defect in calcium homeostasis in cells. In summary, we identified and characterized the SNARE protein FgPep12 in F. graminearum and found that FgPep12 is important for fungal development and virulence through its involvement in vesicle trafficking between the Golgi and endosomal/vacuolar system. We further provide multiple lines of evidence showing that SNARE proteins modulate development and ascospore discharge in pathogenic fungi. FgPep12, associated with FgVam7, is required for the trafficking of the Ca 2+ ATPase FgNeo1 between the Golgi and endosomal/vacuolar system, thus controlling growth, asexual development, ascospore discharge and plant infection in F. graminearum.
Materials and methods
Fungal strains and culture conditions
The F. graminearum wild type strain PH-1 [66] was used as parental strain for the transformation experiments to gain gene deletion mutants. All strains were cultured on V8 juice agar plates at 25˚C in darkness. For vegetative growth assays, all strains were cultured on complete medium (CM) and V8 medium at 25˚C for 3 days in darkness. For sporulation, all strains were cultured in liquid carboxymethylcellulose (CMC) medium and assayed as described previously [5, 10, 67] . Mycelia harvested from liquid CM medium were used for genomic DNA and total RNA extractions. Protoplast preparation and fungal transformation were used for PEG-mediated transformation as described previously [68] .
Construction of the gene and domain deletion mutants, and the complemented strains
The FgPEP12 deletion construct was generated using the split-marker approach [10] . The PCR products were transformed into protoplasts of the wild type PH-1 as described [34, 69] . The resulting transformants were screened by PCR and further confirmed by southern blot analysis. For complementation, the fragment containing the entire FgPEP12 gene and GFP sequence under the control of RP27 constitutive promoter, was amplified with primers, and co-transformed with XhoI digested pYF11 (neomycin resistance) plasmid using the yeast gap repair approach [68] . The GFP-FgPEP12 complemented strains were screened by PCR and GFP signal observation. For FgPep12 domain deletion constructs generation, primers were designed according to Splicing Overlap Extension (SOE)-PCR. The PCR products were inserted into pYF11 plasmid and verified by sequencing analysis, and transformed into protoplasts of the ΔFgpep12 mutant. The resulting transformants were screened by GFP signals and the final strains were selected for phenotype analysis. The primers used in this section are listed in S1 Table.
Wheat infection and DON production assays
The infection assay on flowering wheat inflorescences was performed as described previously [5] . A floret of the flowering wheat head was inoculated with 10 μl of conidial suspensions (1×10 5 conidia/ml). Infected spikelets with typical head blight symptoms were analyzed at two weeks after inoculation. To evaluate the hyphal colonization on infected wheat spikelets, hyphae were examined with a Hitachi TM-1000 tabletop microscope (Hitachi, Tokyo, Japan) at 7 days post-inoculation (dpi). For DON production determination, five mycelial plugs of each strain were inoculated with 50 g healthy and autoclaved wheat kernels [5, 36] . After incubation for 20 d at 25˚C, DON was extracted according to a protocol described previously [70] . PuriTox SR DON colummTC-T200 (Trilogy an alytical laboratory) was used to purify the DON, and a HPLC system Waters 1525 (Waters Co., Massachusetts, USA) was used to determine the DON and fungal ergosterol of each sample. The experiment was repeated three times.
Quantitative RT-PCR analysis
Total RNA samples were extracted using a PureLink TM RNA Mini Kit (Invitrogen) following the instructions. Approximately 1 μg RNA was used for reverse transcription into first strand cDNA using the oligo (dT) primer and M-MLV reverse transcription (Vazyme Biotech, Nanjing, China). Quantitative RT-PCR was performed using an ABI 7500 Fast Real-Time PCR system according to the manufacturer's instructions. The tubulin beta chain gene (FGSG_09530) was used as the internal control. Relative transcript amount differences were calculated using the 2 -ΔΔCT method in ABI 7500 System Sequence Detection Software. Three biological replicates were repeated. The primers used in this section are listed in S1 Table.
Staining assays
Hyphae were cultured in liquid CM medium for 24 h at 25˚C before staining. For vacuole observation, a final concentration of 10 μM of CMAC (7-amino-4-chloromethylcoumarin, Sigma-Aldrich) was used to stain the hyphae or conidia for 30 min at 37˚C as described [5, 58, 71] . For conidial septum staining, a final concentration of 10 μg/ml of calcofluor white (CFW) was used in the dark at room temperature for 1 min [72] . Images were taken under Zeiss LSM 710 confocal laser scanning microscope.
Yeast two hybrid (Y2H), co-immunoprecipitation (co-IP) and bimolecular fluorescence complementation (BiFC) assays
For Y2H assays, the full length cDNA of FgPEP12, FgVAM7 and FgNEO1 was amplified by PCR with primers and cloned into pGBKT7or pGADT7 as bait or prey constructs. The pairs of prey and bait constructs were co-transformed into the yeast strain AH109 as previously described [73] . The pGBKT7-53 and pGADT7-T were served as positive control, and pGBKT7-Lam and pGADT7-T as negative control. The Trp + and Leu + transformants were isolated and assayed for growth on SD medium stripped of His, Leu and Trp medium. For co-IP assays, the FgPEP12 and FgVAM7 gene was cloned into pHZ126 to generate the 3×FLAG fusion constructs, the FgPEP12 and FgNEO1 gene was cloned into pYF11 to generate the GFP fusion constructs by yeast gap repair approach. The resulting constructs were verified by sequencing analysis and subsequently co-transformed into the protoplasts of PH-1. Transformants expressing both constructs were screened by GFP signals and confirmed by western blot with anti-FLAG antibody. Total proteins were extracted and incubated with anti-GFP beads as previously described [74] . Proteins eluted from beads were analyzed by western blot with monoclonal anti-FLAG and monoclonal anti-GFP antibodies (Abcam, Cambridge, MA, USA), respectively. The primers used in this section are listed in S1 
Ascospore discharge assays
For ascospore discharge, agar blocks covered with perithecia were placed on the end of a glass slide and oriented, and the perithecia bearing surface was perpendicular to the surface of the slide. Then slides were placed on a platform in a transparent humidity chamber under 12 h darkness and 12 h light. Discharged spores were collected from the slides by washing each slide with 1 ml distilled water, and quantified using a hemocytometer.
Ion channel inhibition assays
Ascospore discharge assays were set up from cultures containing perithecia10 dpi with the following modifications: thickness of the agar blocks was reduced to approximately 2 mm and blocks were placed on a similarly sized 2% water agar block containing dissolved inhibitors. Spores were allowed to discharge from the stacked blocks for 24 h, and then collected and quantified as described above. The number of perithecia on each agar block was also recorded and data normalized to reflect numbers of ascospores discharged per perithecium.
Statistical analysis
Each result was presented as the mean ± standard deviation (SD) of at least three replicated measurements. The significant differences between treatments were statistically evaluated by SD and one-way analysis of variance (ANOVA) using SPSS 2.0. The data between two specific different treatments were compared statistically by ANOVA, followed by F-test if the ANOVA result is significant at p< 0.01. 
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